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Katherine W. Osteryoung
Chloroplasts contain three membrane systems that
constrict together during division of the organelle. A
newly identified protein, ARTEMIS, may shed light on
the nuclear control of chloroplast division, and also
on the mechanism of thylakoid membrane fission
and how this is coordinated with fission of the two
envelope membranes.
An important aspect of leaf development in plants is the
developmentally programmed proliferation of chloro-
plasts, which is a prerequisite for the attainment of
maximum photosynthetic capacity [1]. This increase in
chloroplast number is accomplished by division of pre-
existing chloroplasts. In recent years, progress towards
identifying the molecules associated with chloroplast
division has been made [2–4], but the underlying mech-
anisms are poorly understood. Complicating the
problem is the fact that the chloroplast is arguably the
most complex of all eukaryotic organelles. Chloroplasts
in plant cells are composed of three distinct membrane
systems: the outer envelope and inner envelope mem-
branes, which delimit the organelle, and the thylakoid
membranes, an internal network of stacked and folded
membranes which are the site of the light-harvesting
reactions of photosynthesis [5]. 
All three chloroplast membranes are thought to be
descended via endosymbiosis from the cyanobacter-
ial ancestor of chloroplasts [6]. Although the behavior
of the thylakoid network during chloroplast division in
plants has not been investigated in detail, ultrastruc-
tural studies have provided evidence that the
thylakoids, which are disconnected from the envelope
membranes, constrict at the center of the chloroplast
in concert with the envelope membranes, and that
they are partitioned to the daughter organelles in
roughly equal portions [7]. But the mechanisms by
which segregation, constriction and fission of the
thylakoids are coordinated with constriction and
fission of the envelope membranes during chloroplast
division remain entirely unexplored.
This promises to change with the discovery by
Fulgosi et al. [8] of a new chloroplast division protein
in the model plant Arabidopsis thaliana. Looking for
proteins encoded by the Arabidopsis genome that
might be involved in chloroplast biogenesis, these
investigators discovered an uncharacterized protein
with partial sequence similarity to a class of molecules
which are known to facilitate assembly of membrane
protein complexes by mediating their integration into
the lipid bilayer. 
The new Arabidopsis protein, called ARTEMIS for
Arabidopsis thaliana envelope membrane integrase,
has a carboxy-terminal domain that shows sequence
similarity to YidC, Oxa1 and Alb3. These three proteins
are important for integration of membrane proteins
involved, respectively, in protein secretion and phage
coat protein assembly in bacteria, protein import to
the mitochondrion in budding yeast, and assembly of
the photosynthetic apparatus in plants (reviewed in
[9]). The YidC/Oxa1/Alb3-like domain of ARTEMIS was
also found to show significant sequence similarity to 
a protein from the cyanobacterium Synechocystis
PCC6803, a photosynthetic prokaryote related to the
endosymbiont from which chloroplasts are believed to
have evolved [10]. 
In addition to the YidC/Oxa1/Alb3-like domain,
ARTEMIS contains a predicted chloroplast transit
peptide and two additional domains, one similar to the
receptor domains of receptor protein kinases, and the
other with a predicted ‘P-loop’ motif as found in
proteins that bind nucleotide triphosphates. Consis-
tent with these features, ARTEMIS was shown to be
localized to the inner envelope membrane of the
chloroplast and to bind GTP. The receptor-like and
GTPase domains are not present in the cyanobacter-
ial protein, prompting the suggestion that ARTEMIS is
a modular protein derived partly from the endosymbi-
otic ancestor of chloroplasts and partly from the
eukaryotic host [8].
The role of ARTEMIS in chloroplast division was
discovered by examination of mutant Arabidopsis
plants in which the gene for ARTEMIS, dubbed art1,
was disrupted by transposon insertion. Although art1
mutants look outwardly normal, electron microscopy
revealed that art1 chloroplasts are defective in fission
of the envelope membranes, which do not appear to
constrict. Further, disruption of the Synechocystis
homologue led to a cell division defect which could be
rescued by expression of YidC/Oxa1/Alb3-like domain
from ARTEMIS in the mutant cells. 
Significantly, however, despite the failure of the
envelope membranes to constrict in art1 mutants, the
thylakoid membranes are visibly constricted at the
center of the chloroplast, and appear to be partitioned
to the two halves of the organelle [8]. This observation
indicates an uncoupling between thylakoid and enve-
lope constriction in the art1 mutant, and provides
compelling evidence that thylakoid segregation and
constriction are controlled independently of envelope
membrane constriction in higher plant chloroplasts.
These findings suggest that the two processes are
effected by distinct cellular machineries whose activ-
ities in wild-type plants are normally regulated to
ensure that fission of all membrane structures in the
chloroplast is coordinated.
It has become increasingly evident from recent
studies, both in chloroplasts and mitochondria, that
organelle division is not simply a matter of squeezing
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membranes together until they coalesce, but rather
involves a stepwise, regulated series of biochemical
events. In higher plant chloroplasts, the first detectable
event in assembly of the division apparatus is the for-
mation inside the organelle [11] of a ring composed of
the tubulin-like protein FtsZ [12,13]. Subsequently, two
electron-dense structures of unknown composition,
the inner plastid-dividing (PD) ring and the outer PD
ring [14], assemble on the stromal surface of the inner
envelope and the cytosolic surface of the outer enve-
lope, respectively. Constriction of the envelope mem-
branes then commences [13,15]. The specific bio-
chemical events leading to fission of the envelope and
thylakoid membranes are not known at present,
though it has been proposed that outer PD ring con-
striction provides the mechanical force needed to
deform the envelope membranes [13]. 
In animals, however, the processes of inner and
outer mitochondrial membrane fission, though co-
ordinated, can be uncoupled. In the nematode
Caenorhabditis elegans, mutations in the dynamin-
related protein DRP-1 inhibit fission of the outer, but
not inner, mitochondrial membrane [16]. This and
related studies in budding yeast [17] have been
instrumental in promoting the view that the membrane
remodeling events associated with fission of the inner
and outer mitochondrial membranes may be regulated
by separate — but possibly interacting — complexes
which have coordinated but distinct biochemical activ-
ities. The uncoupling between envelope and thylakoid
membrane fission as a result of ARTEMIS disruption in
Arabidopsis reveals that this is probably also true for
fission of the three chloroplast membrane systems.
The exact function of ARTEMIS during chloroplast
division, and the precise stage of division at which its
activity is required, remain to be established. Fulgosi
et al. [8] propose that ARTEMIS is multifunctional.
They hypothesize that the YidC/Oxa1p/Alb3-like
domain facilitates assembly of the division apparatus
at the inner envelope, whereas the receptor-like and
GTPase domains play regulatory roles in the nuclear
control of chloroplast division. Because homologues
of the latter two domains are not found in cyanobac-
teria, the authors further postulate that the addition of
these domains to the YidC/Oxa1/Alb3-like domain
common to present-day plants and cyanobacteria
may have been an important step in allowing the
eukaryotic host cell to gain control over the endosym-
biont during chloroplast evolution [8]. Further analy-
sis of ARTEMIS and the art1 mutant will no doubt
yield further insight into both the function of this inter-
esting new chloroplast division protein and the mech-
anisms controlling the segregation and fission of the
thylakoid membranes.
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